Promising results in several clinical studies have emphasized the potential of gene therapy to address important medical needs and initiated a surge of investments in drug development and commercialization. This enthusiasm is driven by positive data in clinical trials including gene replacement for Hemophilia B, X-linked Severe Combined Immunodeficiency, Leber's Congenital Amaurosis Type 2 and in cancer immunotherapy trials for hematological malignancies using chimeric antigen receptor T cells. These results build on the recent licensure of the European gene therapy product Glybera for the treatment of lipoprotein lipase deficiency. The progress from clinical development towards product licensure of several programs presents challenges to gene therapy product manufacturing. These include challenges in viral vector-manufacturing capacity, where an estimated 1-2 orders of magnitude increase will likely be needed to support eventual commercial supply requirements for many of the promising disease indications. In addition, the expanding potential commercial product pipeline and the continuously advancing development of recombinant viral vectors for gene therapy require that products are well characterized and consistently manufactured to rigorous tolerances of purity, potency and safety. Finally, there is an increase in regulatory scrutiny that affects manufacturers of investigational drugs for early-phase clinical trials engaged in industry partnerships. Along with the recent increase in biopharmaceutical funding in gene therapy, industry partners are requiring their academic counterparts to meet higher levels of GMP compliance at earlier stages of clinical development. This chapter provides a brief overview of current progress in the field and discusses challenges in vector manufacturing.
Introduction
The field of clinical gene therapy has advanced rapidly and now accounts for over 2200 clinical trials initiated since 1989, of which ∼65% are being conducted in the USA (1) . Progress in the field has contributed to a new generation of gene therapy commercial initiatives, including several startup companies. Since the beginning of 2013, at least $600 million of venture capital funding was raised to support gene therapy, a strong comeback after several years of slow progress (2, 3) . The estimated global gene therapy market value is estimated to exceed $10 billion by 2025 (4, 5) . In October of 2012, the European Medicines Agency approved the use of a gene therapy product (Glybera) for the treatment of adult patients diagnosed with familial lipoprotein lipase deficiency (6) . The approval comes 9 years after the State Food and Drug Administration of China (SFDA; Beijing, China) approved the world's first gene therapy product (Gendicine) for the treatment of head and neck squamous cell carcinoma in 2003 (7). This was followed in 2005 by the approval of Oncorine by the SFDA, the first commercialized oncolytic adenovirus for patients with late-stage refractory nasopharyngeal cancer (8) and the approval of Rexin-G, a tumor-targeted gamma-retroviral vector expressing cytocidal cyclin G1 by the Philippine FDA in 2007 (9) . Also, the Russian Ministry of Healthcare and Social Development issued a market authorization in 2013 for Neovasculgen, a plasmid vector that expresses Vascular Endothelial Growth Factor gene for the treatment of peripheral arterial disease through angiogenesis (10) . In October 2015, positive results from a Phase III clinical trial for LCA2 (meeting its primary endpoints) were reported by Spark Therapeutics (11) . These results may lead to the first commercial product to be approved in the USA (12) . The acceleration in the total number of gene therapy clinical trials, as well as the increased number of later stage clinical trials, signals an exciting era that promises to lead to the emergence of this new therapeutic paradigm for previously unmet therapeutic needs. The increased interest also stimulated the emergence of several new gene therapy companies, many closely affiliated with the academic centers that fostered the technology (13) . This trend has led to a greater demand for both pre-clinical and clinical grade viral vector manufacturing capacity to support the increasing number of gene therapy clinical development programs. As these programs advance towards licensure, more rigorous product characterization using improved analytical methods, and progressively higher regulatory compliance will be required. Herein, we highlight several significant clinical successes in the field of gene therapy and provide examples of challenges in vector manufacturing, vector characterization and compliance.
Promising Clinical Results
The increasing interest in gene therapy is driven by the successful outcomes in several clinical trials, including for Hemophilia B, X-linked Severe Combined Immunodeficiency (SCID-X1), Leber's Congenital Amaurosis Type 2 (LCA2), and for hematological malignancies using autologous Chimeric Antigen Receptor (CAR)-T-cell therapy.
Hemophilia B is a congenital X-linked recessive bleeding disorder caused by a deficiency of coagulation Factor 9 (FIX). The use of recombinant adeno-associated virus (AAV) expressing human FIX (hFIX) delivered to liver or muscle is a promising alternative to the expensive recurrent replacement therapy with recombinant clotting factor (14) (15) (16) (17) . As demonstrated in a Phase 1/2 dose escalation study, intramuscular injection of an AAV serotype 2 vectorencoding hFIX was safe (18) , and sustained presence of vector genome and FIX could be detected long term up to 3.7 years after administration (19) . However, the levels of circulating FIX achieved at the highest dose administered were <1% of physiological levels, considered the threshold for therapeutic benefit (19) . The investigators next developed a version of the recombinant AAV2 vector with an optimized liver-specific promoter for liver-directed gene transfer. They reported therapeutic but transient levels of factor IX expression in their clinical trial, which revealed immunological barriers to sustained expression (20) . These unanticipated immune responses preventing long-term transgene expression were not predicted by pre-clinical studies in animal models. Building on these pioneering clinical studies, Nathwani and colleagues developed an optimized vector with a self-complementary, codon-optimized genome packaged with an AAV8 capsid. With this vector they reported sustained levels of circulating hFIX at therapeutically relevant levels in a majority of subjects in a Phase I/II clinical trial (21) (22) (23) (24) .
A second example of a successful outcome are several studies conducted by independent labs focused on sub-retinal delivery of recombinant AAV expressing retinal pigment epithelial 65-KDa protein (RPE65) for Leber Congenital Amaurosis Type 2 (25) (26) (27) (28) . Teams in the USA and Europe concurrently developed and independently performed clinical trials using AAV2-RPE65 vectors. While safety was reported in all trials, the clinical efficacy reported ranged from modest in Phase I/II clinical trials (25, 27) , to highly significant, as recently reported in a Phase III clinical study (meeting the primary endpoint with significance at P = 0.001) by Spark Therapeutics (11) . The recombinant AAV vectors developed by these groups, which are similar in general design but reveal significant differences upon a detailed comparative analysis, resulted in divergent clinical outcomes. This observation emphasizes the importance of details of vector design and manufacturing methods that likely contributed to the effectiveness of the respective investigational products. These differences include the degree of optimization of the expression cassette (e.g. promoter design and transgene codon optimization), the manufacturing process and resulting final product purity and the product formulation (29) . As illustrated in this example, the cumulative effect in details of vector chemistry, manufacturing and controls may have been key determinants of clinical success.
As a third example, in two Phase I/II trials conducted in the USA and Europe, nine children with SCID-X1 were treated with autologous bone marrow CD34+ cells transduced with a self-inactivating (SIN) γ-retroviral vector expressing the IL-2 receptor γ-chain (30) . Eight of nine children presented with restored immune function without adverse effects after a median follow up of 33 months (range . One patient in the trial died prior to reconstitution with genetically modified T cells as a result of an overwhelming adenoviral infection unrelated to the treatment. The viral vector used in this trial included several improvements over the first-generation Moloney murine leukemia virus vector that was used in two similar trials conducted several years earlier. Although in earlier trials, immunity was substantially restored in 19 of 20 infants, 25% of the children developed T-cell acute lymphoblastic leukemia as a result of enhancermediated mutagenesis (31) (32) (33) driven by the viral long terminal repeats (LTRs). In response to these events, an SIN γ-retroviral vector was developed in which the LTR U3 enhancer was deleted, rendering the LTR ineffective. Instead, the human elongation factor 1-α short promoter was used as an internal promoter to drive transgene expression (34) . To be able to effectively manufacture the SIN γ-retroviral vector, the manufacturing process was modified to a transient transfection-based system and optimized for titer (35, 36) . The similar T-cell recovery rates in both the previous and recent trials, but distinctly different outcomes in terms of insertional mutagenesis, again illustrate the importance of viral vector design and vector-specific optimization of manufacturing. For SCID-X1, comparison of gene therapy with haploidentical hematopoietic stem cell transplantation, the gold standard since 1968 (37) , showed gene therapy to be an equal if not superior alternative, with a faster T-cell recovery (38) .
The most compelling achievement in gene therapy for common life-threatening diseases are the dramatic clinical results obtained by several independent teams using the CAR-T-cell technology. This therapeutic strategy involves ex vivo gene transfer using recombinant retroviral or lentiviral vectors of chimeric antigen receptors composed of antibody-binding domains fused to T-cell-signaling domains into patient T lymphocytes. The transduced T lymphocytes are engineered to recognize and destroy autologous tumor cells. The most convincing results to date have been obtained using recombinant viral vectors to reprogram T cells to recognize CD19, a cell surface antigen expressed on B lymphocytic leukemic cells in acute lymphocytic leukemia and chronic lymphocytic leukemia (39) (40) (41) (42) (43) (44) . Treatment of patients with ex vivo expanded transduced autologous T cells caused dramatic and highly significant cancer remission in several independent trials [reviewed in (45) ]. This promising therapeutic strategy will require the manufacture and quality control (QC) testing of potentially large quantities of clinical grade viral vectors because of the large number of patients that may be amenable to treatment by this approach.
Culture Systems for Viral Vector Production
Manufacturing processes for viral vectors include a variety of approaches, predominantly based on the use of mammalian cells in either adherent or suspension-cell-based systems, as reviewed by Merten et al. (46, 47) . Traditional laboratory-scale systems with adherent cells are generally difficult to scale up due to the large number of flasks, roller bottles or cell factories that need to be manipulated during a clinical production run. Not only does this pose a challenge in terms of available incubator space, the manipulation of a large number of culture vessels increases processing time and increases risk due to the number of steps that include open manipulation during aseptic processing. To address this challenge, and to reduce risk during clinical manufacturing, the field is moving to larger single-use disposable culture systems and bioreactors. A variety of different systems have been used, mostly defined by the type of vector to be manufactured and the type of cells used, with examples of each provided in Table 1 and as briefly discussed here. The choice of system is also affected by whether or not virus is harvested from the cell culture media, from the cells or from both.
An alternative to the standard tissue culture flask and cell factory are the Corning HYPERFlask and HYPERStack. In these systems, cells grow on a gas permeable surface, which omits the need for a headspace above the media thereby allowing more cells to be cultured within the same incubator foot print (87 (48), and one-to two-orders of magnitude higher as reported by others using cell factories (52, 53) . Alternatively, cells can be cultured at even higher cell densities in fixed-bed culture systems such as the CellCube (Costar), iCELLIS™ (Pall) bioreactor or Celligen (NewBrunswick Scientific) bioreactor (48, (60) (61) (62) 75) . The Celligen bioreactor, with a FibraCel cell carrier that serves as an HEK293 cell substrate, was the system used to manufacture the worlds' first approved gene therapy product in China (7). These fixed-bed culture systems are designed to increase cell culture density while maintaining adequate gas exchange and supply of nutrients and prevent accumulation of cell culture byproducts such as ammonia and lactic acid. This is generally accomplished by active control of the conditions in the bioreactor including dissolved oxygen and pH through control of the perfusion rate or by supplementation. A comparison of the CellCube and Celligen bioreactors versus stirred tank reactors (using Cytodex 1 microcarriers or (75) . For transfection however, the fixed-bed reactor design may be less optimal as the high density of the biomass may not allow effective transfection of all cells. During process development of a γ-retroviral vector produced by calcium phosphate (CaPhos) transfection in 293T cells on FibraCel, viral titers were low when cells were transfected after being established within the FibraCel matrix and high when cells were seeded onto the carriers in the presence of transfection reagent and plasmid (35) . In contrast, others have shown that 293T cells could be effectively transfected in the iCELLis™ Nano bioreactor (63) suggesting that the iCELLis™ scalable high-density cell culture production platform may be a viable option for transfection-based technologies. The iCELLis™ was used to develop a manufacturing process for the production of γ-retroviral vector suitable for Phase I/II trials (62) . The investigators reported that vector production from 293Vec or PG13 packaging cells was 10 to 19-times more efficient in the bioreactor as compared with cell factories, with 293Vec cell densities of up to 10 6 cells per cm 2 , providing enough material in a single 30-l lot for the treatment of potentially up to 500 patients with ex vivo transduced autologous T cells (62) . These data demonstrate that the iCELLis fixed-bed bioreactor may be used as a platform for scalable clinical grade γ-retroviral vector production for both stable producer cell-based and transfection-based production methodology. While systems such as the fixed-bed bioreactors allow efficient collection of virus from cell supernatant, collecting virus such as AAV from the biomass is more challenging. Cells could potentially be chemically lysed inside of the bioreactor to liberate intracellular virus. However, it remains to be evaluated whether chemical lysis and microfluidization, a process where harvested cells are mechanically disrupted with a very high efficiency, provide comparable yields. The latter has been used successfully in the large-scale manufacturing of AAV (49, (67) (68) (69) (70) (71) 88) .
Suspension-based cell cultures, on the other hand, provide true scalability from laboratory size systems to very large industry-scale stirred tank bioreactors. As compared with fixed-bed bioreactors, these systems allow for easy collection of both cells and culture media. However, not all producer or packaging cell lines allow adaptation to a serum-free suspension culture while maintaining high productivity. In addition, cell densities on a per volume basis are generally lower as compared with fixed-bed reactors. The Wave Bioreactor and Sartorius stirred tank reactor have been successfully used for the manufacture of AAV in SF9 suspension cells using the baculovirus system up to a 200-l scale (67-71). Grieger et al. developed a simple but effective transfection system of suspension-adapted human embryonic kidney (HEK293) cells to generate AAV serotypes 1 through 6, 8 and 9, as well as various chimeric capsids using the Wave Bioreactor, generating >10 5 vg/cell, or >10 14 vg/l at ∼10 6 cells/ml (80) . Others have used transient transfection of suspension HEK293 or 293 EBNA-1 cells or established stable producer cell lines for the production of LV vectors (73, 74, 84, 89) . Similarly, an investigational LV vector for a Phase I/II Parkinson's disease clinical trial was manufactured in the Wave Bioreactor using inducible producer cell lines adapted to suspension growth (78, 90) . In addition, these systems can be adapted for adherent cells using microcarriers, as shown in the manufacture of adenovirus and rabies virus (64, 66) . Ultimately, the choice of system for the large-scale manufacture of clinical grade viral vector requires a substantial investment in time and capital as each system requires deliberate and careful optimization and validation, in compliance with Federal Drug Administration (FDA) current good manufacturing practices (cGMP).
Transfection versus Stable Producer Cell Lines
Transient transfection of HEK293 or HEK293-derived cells with vector and helper or packaging plasmids is the most widely used method to generate γ-retroviral, LV and AAV-based viral vectors. Transfection-based manufacturing methods have been developed and optimized by a number of centers in terms of cell culture, transfection technique, harvesting method, purification and fill and finish (53, (91) (92) (93) (94) . However, the efficient transfection of large amounts of cells is considered a bottleneck in clinical manufacturing that is susceptible to variation.
Available transfection reagents include calcium phosphate (CaPhos), polyethylenimine (PEI) and cationic lipids such as Lipofectamine 2000. Although CaPhos is the most affordable and most commonly used, CaPhos transfection is difficult to scale up and requires rigorous control for consistent results. The procedure is pH dependent and even small variations in pH can affect the quality of the precipitate, leading to lower vector titer. Batch-to-batch variation in the 2× HEPES-buffer saline (HBS) used to control pH has been reported to negatively affect transfection efficiencies (95) . N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) is an alternative to HBS which, when compared, was found to be more efficient (96) (97) (98) . Transfection efficiency critically depends on the appropriate mixing of plasmid DNA/CaCl 2 with HBS or BES. While at small scale bubbling of air into the HBS or BES solution while adding the DNA/CaCl 2 provides effective mixing, at larger volumes alternate methods are required to achieve the same result. Methods that involve timely mixing at different scales are difficult to standardize and strongly depend on operator skill and training. Also, the amount of DNA added affects the quality of the transfection mixture. For example, the addition of a large amount of DNA (40 μg per 10-cm plate equivalent) produces a course precipitate associated with lower titer, and a lower amount of DNA (20 μg per 10-cm plate equivalent) produces a fine-to-medium precipitate associated with a higher titer (53) . In clinical manufacturing, it is critical that procedures produce consistent results with minimal lot-tolot variability. The variability in transfection efficiency and the lack of scalability and consistency is therefore problematic and requires rigorous control.
Cationic lipids, as reviewed by Ma et al. (99) , are not subjected to the same variability and are effective in a large range of human cells. However, cationic lipids cause cellular toxicity (100) and therefore are less suitable for large-scale vector manufacturing. In a side-by-side comparison, CaPhos produced higher LV vector titers as compared with Lipofectamine 2000 (53) . Polyethylenimine (PEI), on the other hand, is nontoxic, is also less sensitive to operator variability as compared to CaPhos and can effectively transfect cells in suspension (101) (102) (103) . In addition, transfection with PEI only requires the addition of one reagent whereas CaPhos transfection requires the mixing of two components. Interestingly, in the production of foamy virus vectors, the use of PEI as compared with CaPhos significantly increased viral titer (58, 59) . Finally, the development of the MaxCyte, a scalable transfection system that uses flow electroporation, allows for the rapid transfection of large numbers of cells (104) . However, for early-phase clinical trial vector manufacturing, the low cost, low toxicity and high transfection rates of CaPhos, without the need to invest in additional equipment, frequently make it the reagent of choice.
While transfected cells typically generate viral particles within the first 72 to 96 h post-transfection, stable cell lines produce vector over extended periods of time (47) . In addition, processes using stable producer lines are easier to scale to levels required for commercial manufacture. Last but not least, vector derived from stable producer cells is free of contaminating plasmid DNA, which simplifies downstream vector purification. However, a challenge in creating producer cell lines for recombinant viral vector production is that some of the gene products required for vector generation are toxic to cells, and strategies are required to overcome these toxicities. Also, the use of stable producer lines for clinical manufacturing requires certification of each vectorspecific producer cell line as a master cell bank. Finally, cell lines do not necessarily continue to produce high titer vector upon expansion (105, 106) .
Nonetheless, a series of packaging lines for the manufacturing of LV vector was developed by Throm et al. using a novel concatemeric array transfection technique for the effectively introduction of an SIN vector into the genome of the packaging cell line, combined with the Tet off inducible expression of the cytotoxic proteins Rev and VSV-G (89). This system provided high titer LV vector at >10 7 transducing (TU)/ml at a large scale.
Briefly, vector was generated in a Wave Bioreactor 20/50 system in a Cellbag supplemented with FibraCel disks, and vector was collected daily starting at day-2 post-induction for up to 6 to 8 days. Vector was clarified using a 1.2-/0.45-μm filter, purified on a Pall Mustang Q anion exchange capsule, diafiltered using PBS, formulated, 0.2-μm filtered and stored frozen (79) . This vector is currently being used for a Phase I trial for the treatment of SCID-X1. Other groups have similarly developed inducible cell lines for LV vector production that may be used for clinical application (107) (108) (109) . Since stable producer cell lines provide scalability where transfection does not, their use may ultimately be more cost effective when larger volumes of product are needed, especially in late phase and commercial manufacture.
Infection-Based Systems
For AAV, manufacturing methods based on transient transfection currently allow manufacturing with yields in the range of 10 15 to 10 16 viral genomes (110) . This level, representing the currently established and validated manufacturing capacity, is sufficient for a number of promising programs involving relative low doses and for orphan disease indications such as LCA2. However, with the general maturation of the more successful clinical programs towards later Phase clinical trials, and for disease applications with a greater number of patients and/or where higher per patient vector doses are needed, an estimated one to two order of magnitude increase in manufacturing capacity is predicted to be needed to meet the increasing number of disease indications that may be targeted by gene therapy. An approach to meet these higher yields is the baculovirus system, which was employed by uniQure in the manufacture of Glybera. Originally developed by Kotin and colleagues (70) , this system utilizes SF9 suspension insect cells for the manufacture of AAV. Rather than the introduction of genes required for vector production by transfection, SF9 cells are infected using recombinant baculoviruses that carry the vector genome, capsid and helper genes (72) . Originally developed using three baculoviruses, recent improvements resulted in the consolidation of the AAV rep and cap genes into one baculovirus (111) . The system has been shown to generate a yield of approaching 10 14 viral genomes per liter with over 10 16 vg produced from 100-200-l bioreactors. Moreover, the system has been shown to be scalable from 20 ml to 200 l, with 500-l size productions planned (69) . These findings support the notion that further scale-up can result in a proportional increase in manufacturing capacity, where a 100-fold increase in volume to a 20 000-l scale may provide yields in the range of 10 18 vg (93,112) sufficient to meet the expected needs in the field.
Other systems developed for the large-scale manufacture of AAV, and an alternative to the use of baculovirus, include recombinant replication-defective Herpes simplex virus 1 (HSV-1) and wild-type Adenovirus type 5 (Ad5), as recently reviewed (46) . A HeLa-based producer cell line-based manufacturing process with Ad5 was established at a 250-l production scale (81, 82) . On the other hand, the recombinant HSV-1 expression system has been used in the Wave Bioreactor with suspension baby hamster kidney (BHK-21) cells for the production of AAV 1, 2, 5 and 8 showing high productivity with up to 10 14 vg/l at a 10-l scale (83), with evidence of improved virus viability resulting in higher expression per virion as compared with vector created by plasmid transfection (113) .
Vector Characterization and QC
Extensive characterization and QC testing is required for recombinant viral vectors for human clinical trials. This assures that each batch of investigational product meets pre-determined specifications for purity, potency, safety and identity. Furthermore, these QC tests should be sufficiently precise and accurate to provide the clinical investigation team and regulatory authorities with confidence regarding batch-to-batch consistency and comparability. The evolution from pre-clinical animal studies, to early-and then late-phase clinical studies, and ultimately to commercialization, correlates with the development, qualification and validation of a broad range of QC tests to ensure sufficient characterization of each investigational product. Similarly, over the course of clinical development, manufacturing process improvements and multi-lot experience enable progressive tightening of specifications. One of the challenges of characterization and QC testing of viral vectors is the high degree of complexity of this class of biologics. Even recombinant AAV, the smallest and least complex type of recombinant viral vectors, has a structure more complex than the most complex recombinant proteins. Each AAV particle consists of 60-VP protein subunits assembled into a capsid of defined architecture and stoichiometry (114) containing a single strand of DNA. Retroviral vectors are even more complex containing a double-stranded genome and lipid bilayer envelope surrounding the viral capsid. Thus, unique analytical methods must be developed and validated for each different viral vector-based gene therapy product and for each serotype. A second challenge for QC testing of gene therapy products is that most products are still at early stages of product development, with relatively little advanced stage experience in the field. Methods for QC testing of viral vector-based gene therapy products can be divided into those that are substantially similar to existing tests that were developed and validated for licensed recombinant protein or vaccine products, and those that are more vector-specific and unique. The former include assays for process-related impurities such as residual production (host) cell proteins and nuclease-sensitive nucleic acids. For example, AAV vector-specific analytical methods and QC tests have had to be developed to address the complexity and unique features of vector product-related impurities in recombinant AAV investigational products (115) . These include the development of product-specific potency assays required to demonstrate biological activity in each lot of manufactured product, a critical quality attribute of the vector (116) . Potency assays are designed to Human Molecular Genetics | 5 at University of Pennsylvania Libraries on November 25, 2015 http://hmg.oxfordjournals.org/ measure the functional activity of the product resulting from expressing the vector transgene (e.g. a therapeutic protein). Measurement of potency is also critical to demonstrate lot-to-lot consistency and stability of the drug after periods of storage. Another vector-specific challenge for QC testing of viral vector gene therapy products relates to residual DNA impurities that are packaged within vector particles (117) (118) (119) . Unlike residual nucleic impurities in recombinant proteins, which are typically reduced by in-process nuclease digestion to meet established specifications for recombinant therapeutic proteins (120), packaged nucleic impurities in AAV cannot be removed by nuclease treatment (e.g. Benzonase). Viral vector-encapsidated nucleic acid impurities may include fragments from any available source of DNA in the production milieu, including DNA from helper components ( plasmid or bacmid DNA) and from producer cells [reviewed in (121) ]. For AAV vectors, the predominant species of packaged DNA impurities are the plasmid or bacmid sequences adjacent to the ITR flanking the expression cassette (117, 122) , likely generated by reverse packaging from the ITR. The mechanism of packaging of fragments of host cell DNA is not understood, perhaps involving interaction of packaging components with motifs in the host cell genome that share some degree of homology with the viral vector-packaging signals. Regardless of the mechanism, nucleic acids impurities packaged and thereby protected by AAV capsid are especially difficult to remove because of their close resemblance to the vector itself. Approaches to mitigate the potential risks associated with packaged nucleic acid impurities include optimization of design of vector production plasmids used during the cell culture and vector production processes, as well as purification steps that exploit any minor differences in physico-chemical properties between true vectors and vector related impurities (88, 117) . Many of the methods relating to the unique challenges of gene therapy vectors are not yet validated to the standards required for licensed products, and additional manufacturing experience and innovations in analytical methods development will be required.
Regulatory Expectations
The manufacture of investigational new drugs, including viral vectors used in gene therapy, needs to comply with the CGMP as required under section 501(a)(2)(B) of the Federal Food, Drug, and Cosmetic Act (FD&C Act) and as described in 21 Code of Federal Regulations (CFR) parts 210 and 211. Given the large investments needed to establish a fully compliant GMPmanufacturing operation, it is generally recognized that it is difficult to establish all aspects of GMP at early phases of clinical development. For example, while product QC testing for safety attributes of an investigational product (sterility, absence of mycoplasma and adventitious viral contaminants) must be established and validated from the beginning of clinical development, certain product characterization tests may be performed using non-validated assays and broad specifications, with the regulatory expectation of full assay validation and progressive tightening of specification to occur in a timely manner during clinical development. Similarly it is recognized that process changes, including process optimization and scale-up, are likely to occur during clinical development of most investigational products. In 2008, the FDA published a guidance for industry-entitled CGMP for Phase 1 Investigational Drugs that distinguishes Phase 1 drugs from those manufactured commercially and for later Phase clinical trials (123) . This document formally recognized that certain requirements in part 211, such as the validation of manufacturing processes or requirements for warehousing, written for manufacturing processes that are typically characterized by large, repetitive, commercial batch production, may not be appropriate to the manufacture of most investigational drugs used for Phase 1 clinical trials. The guidance not only reflects the fact that some manufacturing controls differ between investigational and commercial manufacturing but also among various phases of the clinical trial spectrum. The relationship between the development stage of a product and the level of cGMP compliance is illustrated in Figure 1 . As such, the regulations exempt the manufacture of Phase 1 investigational drugs from full cGMP compliance provided that adequate controls are in place to ensure that the drug meets appropriate standards of safety, identity, strength, quality and purity. This exception, however, is at odds with the European guidelines that mandate that products are fully cGMP compliant irrespective of the clinical trial stage (124, 125) . Such discrepancies often surface when USbased academic manufacturers of Phase 1 investigational drugs are audited by an international pharmaceutical company. An example is the requirement for identity testing of raw materials. Where ICH Q7A-7.30 requires all pharmaceutical ingredients intended for human use to be tested regardless of clinical phase, the FDA recognizes that for some materials, all relevant attributes or acceptance criteria may not be known at the Phase 1 stage of product development (123) . Another example is compliance with 21 CFR 11 Electronic records; Electronic Signatures (126) that proves to be challenging for academic manufacturing facilities. While in industry robust validated enterprise-based systems support manufacturing, raw material and document control as well as quality assurance and a variety of laboratory and warehousing functions, such systems are generally less established or simply too large and costly for smaller academic-based manufacturing units. Software systems in place are frequently the same ones that were used when the academic-based manufacturing facility was initiated, sometimes on a minimal budget. With the field expanding, this leaves many institutions with a variety of software solutions that may no longer fit the size of the operation, are nonintegrated and sometimes difficult or impossible to validate. Ultimately, capital investments will be needed to assure compliance with 21 CFR 11 and to position academic institutions for growth as the field matures. The trend for the pharmaceutical industry and biotech to require full compliance of their academicbased partners, even at an early phase of clinical development, is partly driven by the complexity of the biological license application and the need, from a business perspective, to lower risk when products move towards commercialization. Although the FDA does not require full cGMP compliance for Phase 1 product manufacturing, academic manufacturers are increasingly being asked to conform to the needs of their industry partners.
Conclusion
There is great momentum and excitement in the field of gene therapy with an increasing number of clinical programs moving to later-phase clinical trials and towards market approval. This trend, however, does come with challenges, including a need for additional vector-manufacturing capacity to meet the increased demand for different products and higher vector quantities per product, and the requirement for more highly purified and better-characterized drugs. It is expected that the biotech sector will respond with additional engineering solutions for single-use closed manufacturing systems to meet this need. In addition, the various newly formed partnerships between academia and industry are expected to be complementary and instrumental in addressing these challenges with academia providing the pioneering experience gathered over the past decades in manufacturing protocol development for early-phase clinical programs, and industry providing experience and long-standing expertise in large-scale cGMP-manufacturing and regulatory compliance.
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